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RESIDENfIAL PASSIVE SOLAR SYSTEMS:
REGIONAL SENSITIVITY TO SYSTEM PERFORMANCE
COSTS, AND ALTERNATIVE PRICES

C. Kirschner and S. Ben-Pavid
University of New Mexico, Albuquerque, New Mexico U.S.A.

F. Roach
Los Alamos Scientific Laboratory
Los Alamos, Mew Mexico U.S.A.

1.  ABSTRACT

The economic potential of two passive space heating configurations are
analyzed. These are a masonry thermal storage wall (Trombe) and a direct
gain system--both with night ‘nsulation. A standard tract home design for each
of the two passive systems is being used throughout the analysis to allow inter-
regional comparisons The economic performance of these two systems is evaluated
on a regional basis (223 locations) throughout the United States. For each of
the two conventional energy types considered (electricity and natural gas),
sensitivity analysis is conducted to determine the impact of alternative fuel
price escalation rates and solar costs upon feasibility of the two solar systems.

Cost goals for solar system prices are established under one set of future
fuel prices and stated economic conditions. These cost goals define maximum
allowable solar add-on expenditures for each location against 1ikely conventional
space heating fuels and their associated prices. Cost goals are determined for
three alternative periods of ownership; 7, 15, and 30 years.

Alternatively, we examine future fuel price requirements (given solar
feasibility) under stated add-on cost expenditures. Future fuel price require-
ments are defined as those energy costs which must be realized for the allowable,
add-on solar costs to be achieved under competitive conditions. The escalation
rates needed to bring present energy costs to the established minimum levels
are location specific. As for cost goals, these escalation rates are defired
for the three alternative periods of home ownership.

2.  INTRODUCTION

Solar energy use in residential heating applications has been the focus of
much discussion over the last several years. Divergent views [1] and confiict-
ing results [2,3] from various economic "models" have left the issue of the
near-term future of solar energy unresolved at best. (There has, however, been
1ittle disagreement as to its ?solar) desirability.) Much of this confusion
cannot be eliminated, for the future {itself is uncertain. However, manv of the
questions and concerns of potential solar consumers can be addressed in a fairly
straightforward and systematic manner. The overall issue of economic competitive-
ness or vcasibility is the subjact of this paper.

There are four basic types of information used in any assessment of soiar
energy economics. The first, physical performance, estimates the fraction of
space heating demand provided by the solar sys‘em/Jesign. A second information



need is price, both current and future, of the conventional fuel being displaced.’
The third is information on construction costs and the fourth is information on
the financial climate facing consumers. These four types of information are
integrated in some form of 1ife cycle costing and/or cash flow analysis to
estimate, or project, the future of solar for residential home owners.

Our approach to evaluating the economics of solar allows one to establish
goals or targets for each of the categories of information defined above. An
example should assist in understanding this procedure. Let's presume that
solar performance, conventional fuel prices, and the financial climate {e.g.,
mortgage rate and length of loan) are known or can be specified. The unknown
variable is the cost of constructing this design (if passive) or system (if
active) on an individual home. By establishing cost targets it is no longer
required that we know precisely the add-on costs of the solar system. Rather,
it would be suificient to know (or establish) that the quoted add-on cost falls
somewhat below the needed cost target or goal to ensure that the solar invest-
ment is feasible By futher restricting the investment criteria by establish-
ing bounds on payjack periods, additional mortgage payment limits, or minimum
levels of fuel (and thus dollar) savings, the cost target/goal can be recom-
puted and the boundaries on solar investment can be narrowed. If the dollar
estimates of solar costs are substantially below these "breakeven" targets,
then it may be said that there is 1ittle uncertainty or risk involved in under-
taking that solar investment.

It is possible to carry this example further by examining the situation
where one of tne four types of information is "less known" than the remaining
three sets. By establishing two sets of targets--maximum solar add-on cost
and minimum annual fuel escalation rates to just "breakeven" in the life cycle
costing sense--it is hoped that the concern for precision dver these values can
be reduced in some cases (where today's figures are significantly different
than the established targets) and focused on others (where today's figures are
fairlv close to established targets). Further, by examining these cost and
escalation rate targets under varying assumptions about home ownership time
periods--and thus capturing one of the primary concerns of solar residential
investors--the potential sensitivity to present day solar costs and projected
conventionai fuel escalation rates can be easily assessed. Thus we can evaluate
the sensitivity of specific parameters without resorting to eiaborate mathematical
expressions and/or a large number of computer simulation runs. By comparing
these targets/goals with presernt+ values (e.g., fuel escalation rates as pro-
jected by DOF or others and actua. construction cost estimates from builders)

a good assessment can be made as to how close to econcmic competitiveness solar
may or may not be. Through examination of these established targets ana their
movement as "known" economic and physical conditions change it will be posiible
to judge how realistic consumers' (or government's) expectations on solar
feasibility may be.

In the following sections we evaluate some of the economic conditions
necessary for passive solar energy to compcte in the new home residential market.
It is important to note that the target cost methodology and computational
. procedures used are as important as the actual results. Two solar designs are
evaluated and then contrasted against the two major fuels responsible for meet-
ing the bulk of today's space heating needs in new residential construction:
natural gas and electricity. The methodology, computational procedure, and
target criteria are carefully outlined in Section 3. Resulis for 48 locations,
one in each of the 48 continental states, are discussed in Section 4. Maps are
used to 11lustrate geographical patterns of regional similiarities and differ-
ences for selected cost goals an fuel escalation rate targets for the 48 states.
Table 3 contains more detailed results for the larger set of geographical loca-



" tions (223) for which these analyses have been performed. In Section 5 results
are briefly summarized with major conclusions highlighted.

3.  ME/HODOLOGY

Solar performance calculations are key tn any solar economic analysis.
The feasibility of a given set of criteria, is, in part, defined by the solar
displacement of conventional fucl. The solar fraction represents the measure
of this displacement and is used to translate solar performance into economic
terms. The solar performance data has been developed from the modified load
to collector area ratio (LCR) correlation procedures developed by Los Alamos
Scientific Laboratory (LASL) [4]. The estimates are based on specific design
parameters. The Trombe wall design assumes 18 inches of mass (1.5 cubic feet
of mass per foot squared of aperture). The LCR's for the Trombe wall design
* have been shown to be nearly identical for all variations of thickness from
12 inches to 18 inches in most locations in the United States. The direct gain
design used here incorporates all of the required collector area into south
facing windows (no clerestory windows) and assumes 1.5 cubic feet of mass per
foot squared of south facing glass. The night insulation for both systems has
an assumed R-value of 9. The LCR's are used in conjunction with estimated
gome ?eating loads to calculate a collector area requirement for each solar

raction.

The LCR estimates represent the heating load to collector area ratio where
heating load is defined as the load other than that on the south collector area
of the home, If the opaque south wall is neutral in terms of heat 1o5s/heat
gain the collecter area is calculated as follows:

CA = LOSW
where:
LOSW = load other than that on the south collector area
= WLF * RESSF - AMAX * UB * 24
and where:

HLF = heat loss factor of a conventional base case home including

losses through the south wall (location an! design specific)
(BTU/DD = ft2 res.)

RESSF = ft2 residence

AMAX = area of south wall exposure (ftz)
UB = maximum allowable U-factor through walls (BTU/hr - FO - ftz)
24 = unit correction factor

If the opaque south wall is not neutral in terms of heat gain/heat loss the
collector area is calculated as:



cA = LOSH + [(AMAX - CA) * UB * 24]

which collapses to:

cA = LOSH + (AMAX * UB * 24)
+

The heat loss factors usec in the building load calculation, HLF, have been
developed on a location by iccation basis. The heat loss of any building is cei~
culated as the sum of the conductive (transmission losses through tke enitre
building envelope) and the convective (infiltrative losses which occur as a
result of infiltration) losses. Maximum allowable U-values are utilized to
calculate the conductive losses. Conductive losses are further subdivided into
three parts, each corresponding to a portion of the residential building. These
are 1)the exterior buildina envelope 2)floor and 3)ceiling/roof. Convective
losses are determined usin:, the crack-length method. The particular residenc:
used in this analysis is 4f a TEA reference design [5]. It is a one-story slab
on grade home with 3 bedrccms, 2 baths and 1536 square feet of 1iving area.

The heat loss factors are calculated such that they are a function of the
home design under consideration and the climate of the location. The climate
is quantified through the annual average “eating degree days measure (650F base).
This parameter is specified for each of the.223 locations.

The heating load of a solar home of specific configuration must also be
calculateu. The product of the solar home load and the fraction pertaining to
that hore design gives the amount of conventional energy which is being displaced
by the system under consideration. The solar home load (SHLOAD) in millions of
Btu's is calculated as:

SHLOAD = [LOSW + (AMAX * UVGL * 24)] * DD

- )
+ [(l,,-ﬁ) * CA * UWGL * 24 * DD; / 1,000,000

where

UVGL
0D
CA

F

AMAX

U-value of non-soiar south wall
heating degree days

collector area

sclar savings fraction

south wall square footage

The energy displaced by the solar system is calculated as:
F * SHLOAD

This translates the performance of the system into a millions of Btu's of
conventional energy measure. The application of a price per unit of energy will,
. in turn, translate this into a dollar savings to the consumer. Fuel prices
(1979 base year) were gathered for a larye number of cities. Where information
was jnadequate or wholly lacking a surrogate city was chosen [6]. The fuel price
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data base includes 1979 prices for natural gas and electric resistance. Natural
gas and electricity prices are displayed on a state-by-state basis on Maps 1

and 2, recorded in the unit type familiar to the consumer - $/MCF for natural
gas, and ¢/kwh for electricity. Two factors are used to convert this cost into
a dollars per million Btu cost, a Btu conversion factor (BTUCF) and a furnace
efficiency factor (BTUFE). These are shown below:

BTUCF BTUFE
Gas 1.0 MiBtu/MCF .75
Electricity .003413 MMBTU/KWH 1.0

The 1979 price per million Btu's is calculated as follows:
BYFP = UP/(BTUCF * BTUFE)

where: ,
UP = unit fuel price

The 1979 dollars per million Btu fuel price is converted into an annualized
cost much in the same way that a new home price is converted into equal mortgage
payments. The annualized fuel price is calculated as follows:

T t
[21 CYFP, * (Tm LS ) ] *CRF
where: 4

CYFP = current year fuel price in the tth year
= BYFP * (1. + AIR + FESCR)t
DR = discount rate
AIR = annua: inflation rate
CRF = capital recovery factor
FESCR = annual fuel escalation rate
BYFP = base year fuel price
T = length of ownership period

The last type of informatis: :eeded is solar add-on cost. The cost estimates
are given as a dollar per squ+n» foot of collector area cost. It is assumed
that these passive designs ha.~ no fixed costs. These costs aren't needea for
the cost goal calculation sir:: & maximum value for this parameter is what is
being calculated. For the taryet escalation rate caiculation the variable cost
estimates shown in Table I were used.

The maximum cost goal calculation is based on the idea that ¢ system can be
defined as feasible when the add-on cost is just equal! to the cost of supplying
the displaced conventional fuel over the ownership of the system. The annualized
fuel cost is used in conjunction with the amount of conventional fuel displaced
to calcuiate this cost. The application of a fixed charge rate assures that the
result is in current dollar terms. The total cost figure is divided by the
collector area to yield a dollars per square foot of collector area figure. The
maximum allowable variable cost for the jth system, kth solar fraction, assuming
the i1th auxiliary fuel is calculated as follows:



VCG(J,1,K) + AEP(I) * CFDISP(J,T,K

where:
VCG = variable cost goal
AFP = annualized fuel price
CFDISP = conventional fuel displaced
FCR = fixed charge rate
TABLE 1
DETAILED COST BREAKDOWN: TWO PASSIVE SOLAR DESIGNS*
($/sq. ft. collector area)
Trombe Wall Cost** ,Direct Gain Cost**
Masonry Concrete - 18" $ 6.53 Concrete Block - 8" $ 3.22
Paint - 2 Sides .44  Concrete Slab - 2" Additional 1.54
Double Glazing 2-3/16" 3.54 Double Glazing 2-3/16" 3.54
Footing 16" Foundation 1.16 Header Trim (Overhang) 1.36
Header Trim (Overhang) 1.36 Framing 4'X8' - 24ft 2.86
Framing 4'X8' - 24 ft 2 86 Night Insulation 4.35
Night Insulation 4.33 System Subtotal $16.87
System Subtotal $20:24 Interior Wall Credit 1.10
Exterior Wall Credit 2.27 Exterior Wall Credit 2.27
Total System $17.97 Total System $13.50

*Dollar cost are for national average.
*
*Includes both materials and labor.

The minimum allowable fuel escalation rate is defined as the annual fuel
escalation rate which will guarantee that the value of the conventional fuel
being displaced will, over the ownership period in question, be equal to the
specified solar add-on cost. The determination of this required escalation rate
is made in a computerized iterative procedure since no analytical solution exists.
The 'starting poini' escalation rates are noted in Table II. This real escala-
tion rate is added to the annual inflation rate (resulting in a nominal rate)
and this figure is used to calculate the annualized fuel cost over the owner-
ship period as previously described. A variable solar add-on cost is then
calculated (in the previously described manner) using this annualized fuel price.
The calculated cost is then compared with the specified cost. If the two costs
deviate to any great degree the escalation rate is increased (decreased) as
necessary and the procedure gone through again. This continues until the cal-
culated cost matches the estimated cost. The escalation rate producing this
result is, by definition, the minimum nominal rate required to guarantee feasi-
bility over the specified ownership period,

Three ownership periods were examined; 7, 15, and 30 years. The 7 year
perfod closely approximates the average hcme ownership period in the United
States. The 30 year period corresponds to the average length of a home mortgage.
The use of multiple ownership periods shows the sensitivity of feasibility
results to consumer payback preferences. If a homeowner requires that the system
pay for itself on a life cycle cost basis during his occupancy of the home



(f.e., 7 years) rather than over the mortgac 1ife of the home, (i.e., 30 years)
he will be faced with a much lTower solar add-on cost requirement. This can also
easily be translated into a requirement for very high conventional fuel prices
tescalation rates).

4.  RESULTS

Selected mapped results are shown throughout this section of the paper. The
map results are given on a state-by-state basis; one city was chosen to repre-
sent the state as a whole. Tabular results i:e presented in Table III for all
223 locations. The tables include results for the two passive solar designs,
two alternative fuel types and three ownership reriods; the mapped results are
selected from the full tabular results.

Footnotes following Table III explain the meaning of all of the abbreviations
used. The results for the three ownership periods are divided into two fuel
types within each period. The first line of the table contains the state anc
city name. Cities chosen to represent the state as a whole are marked with an
asterick. The two numbers at the end of the first iine show the base year prices
for gas and electricity (units: $/MCF, ¢/KWH respectively). The next four lines
can be subdivided into two sets of two lines each -- one set for the Trombe wall
system (TWNI), one for the direct gain system (DGNI), both systems are for 50%
solar contribution. The CG row shows cost goal results for both fuels and all
three ownership period. The ER row shows necessary escalation rates for the
same configuration. The cost goal results are in $/sq. ft. of collector area
terms. The escalation rate results are in nominal percentage annual increase.

Maximum &’ “le solar costs for a 50% solar contribution are shown in
Maps 3 and 4. . displays results assuming natural gas as the alternative
fuel, Map 4 assumes electricity as the alternative fuel. Natural gas 1s an
extremely cheap alternative fuel at the present time. Using 11% as a nominal
annual escalation rate and the longest ownership period, the maximum allowable
add-on cost is below $13.50 per square foot of collector area in all states. The
cost goal is highest in the extreme northeastern and northwestera portions of the
country; these areas also have the highest natural gas prices. Even in these
areas the cost goal falls short of the estimated variable cost for the direct
gain system ($13.50). HMap 4 shows the same results against electric resistance.
In general the cost goals are much higher, reflecting the higher cost of electri-
city. The patiern is basically the same; areas of extremely high alternative
fuel costs or moderately high fuel costs coupied with very high heating loads
are those areas which tolerate the highest solar add-on costs. New York and
New Moxico are examples of the first case while South Dakotia is an example of the
second.

The tabular results show the same pattern. The cost goal figure is modified
by the hypothezied ownership period which is directly related to the allowable
add-on cost. As the period within which feasibility is defined is shortened,
the maximum allowable add-on cost decreases. The results for the 7 year owner-
ship period show very low solar costs would be necessary to result in a competi-
tive situation.

The target escalation rate results are shown for 5C% solar contribution by
a direct gain passive solar design (R-9 night insulation) assuming a variable
cost of $13.50. Maps 5 through 8 show results for two alternative fuels -- gas
and electricity -- and two ownership periods -- 7 and 30 years. The maps show
ranges of percent annual nominal escalation rates necessary tc achieve competi-
tiveness given the cost of the system. Maps 5 and 6 display necessary rates
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given a 7 year ownership period. It can be seen that the cheaper base year
fuel reqiires very high annual escalation rates while the more expensive fuel,
electricity, requires less dramatic rates. Both fuels require rates which are
extremely high as a result of the shortened ownership period. A state-by-state
comparison of these results leads to the general conclusion that locations with
the highest initial fuel costs are those which require the lowest escalation
rates.

This pattern of results is, in general, repe~ted in Maps 7 and 8. The
increased period of ovnership (30 years) results in a dramatic lowering of the
necessary escalation rates. The state-by-state pattern is preserved. The
necessary rates for natural gas are somewhat in excess of those hypothesized by
most while, in those locations with the highest base year electricity prices, a
deflation of the real cost of the fuel cver time would result in system feasi-
bility. The necessary rates in locations such as Reno and Albuquerque are less
than the 7% annual inflation rate incorporated into the basic model assumptions;
this implies a real decrease in the price of electricity.

5.  CONCLUSIONS

The target cost methodology is useful in assessing the sensitivity of the
competitiveness of passive sclar designs to the solar add-on cost and fuel cost
parameters. This technique allows for the estimation of parameter values when
the establishment of these values can only be made with some uncertainty. The
analysis presented here leads to the following conclusions. '

e Natural gas prices are, with some exceptions, so low that neither of the
passive designs analyied here can favorably compete.

e Escalation rates necessary to define competitiveness under a natural gas
alternative are in general, very high given a 30 year ownership period
and increase dramatically with a decrease in cwnarship period.

e Base year prices for electric resistance are sufficiently high in several
southwestern and northeastern locations to suggest that both the direct
gain and Trombe wall systems can compete today under longer ownership
periods.

e While necessary escalation rates are rather high under a 7 year ownership
period, de-escalation could be experiencad in several locations for the
30 year ovinership period.

e The Trombe wall and direct gain systems perform in very similir manners
in nearly all locations.
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TABLE I1
FINANCIAL PARAMETERS
Annual Inflation Rate 7%
Annual Escalation Rates: Gas 4%
Elec. 2%
Interest Rate (Real) 3.5%
Discount Rate (Real) 3.5%
Ownership Perioad
7 15 30
Capital Recovery Factors: 48 1 .08

Fixed Charge Rates: .16 .09 .05




COST GOALS AND TARGET FUEL ESCALATION RATES

TABLE I11.
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Table 111 (continued)
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